Water sorption isotherms are unique for individual food materials and can be used directly to predict shelf life and determine proper storage conditions. In this context, the aim of this study was to determine the moisture adsorption isotherms of amaranth flour at 15˚C, 25˚C and 35˚C in a range of water activity from 0.1 to 0.9. Experimental data were modeled using five equations commonly applied in the foods field. The goodness of the fit for each isotherm model was evaluated through the coefficient of determination, the variance due to error and the confidence interval of the estimated parameters. All models can predict the adsorption isotherms of amaranth flour, but the GAB equation gives a better understanding of the observed sorption behavior. Estimated adsorption monolayer water contents ranged from 6.4 g to 7.2 g of water per 100 g of dry material. It was observed by a weak dependence of water activity with temperature. For ensuring microbiological stability, water content in amaranth flour should not be higher than 13 g of water per 100 g of dry material.
Introduction
Amaranth (Amaranthus caudatus) is a native plant in America, which has been domesticated, cultivated and used for over 6000 years [1] . This species is mainly cultivated in Bolivia, Peru and Ecuador. In Bolivia, the amaranth crop is geographically distributed from 17˚20' to 21˚28' south latitude and from 64˚13' to 69˚09' west longitude, having an altitudinal distribution between 1866 and 3050 meters above the sea level [2] .
The grain of Amaranth is considered as a pseudocereal, because it has similar characteristics to cereal grains of true monocots [3] . Protein content found in amaranth grain is very similar to that of milk and is very close to the ideal protein balance proposed by FAO (Food and Agriculture Organization) for human consumption [4] . The high lysine and methionine concentrations support the great nutritional quality of the grain [5] ; also amaranth has been recognized because of its high vitamin and mineral content [6] .
For human consumption, amaranth flour is obtained from grinding and milling the plant grains. The flour has great nutritional properties and it is a major source for calories in the people's diet of Andean regions; it is appreciated for preparing instant and fermented beverages and bakery/pastry products [7] . Due to its very low content in gluten, the flour has been successfully processed into baked products for celiac patients [8] .
The quality of flour depends to a great extent upon its physical, chemical and microbiological stability. This stability is mainly a consequence of the relationship between the equilibrium water content of the food material and its corresponding water activity at a given temperature [9] . Water activity (a w ) is a physicochemical parameter that indicates the availability of water in a food matrix for chemical and biochemical reactions (e.g. lipid oxidation, enzymatic and Maillard reactions) and for microbial growth [10] . For this reason, water activity is Water Adsorption Isotherms of Amaranth (Amaranthus caudatus) Flour
OPEN ACCESS FNS

154
determinant for predicting the stability and shelf life of foods. An adsorption isotherm relates the water content of a material with its water activity, which is in thermodynamic equilibrium. Under normal conditions, the water activity is equal to the relative humidity surrounding the material [11] . Besides from some fundamental models, several semi-empirical and empirical equations have been proposed for correlating the equilibrium water content and water activity of foods. For instance, the Guggenheim-Anderson-De Boer (GAB) equation has been recommended by the European Project Group COST 90 on Physical Properties of Food [12] as the fundamental equation for the characterization of water sorption in food materials [13] [14] [15] [16] . This equation is based on the adsorption theory after Brunauer-Emmet-Teller (BET) for the monolayer, which gives a physicochemical explanation of the parameters involved [17] .
Obtaining and modeling adsorption isotherms of foods are very important for determining suitable packaging materials and storage conditions, for evaluating the mixing with other powdered foods and for predicting its shelf life [18] . However, reliable experimental data of water sorption isotherms for amaranth flour are limited in the literature. Reference [19] determined desorption isotherms of amaranth flour by measuring the pressure exerted by flour samples. In other studies, the sorption isotherms for amaranth grains were obtained [4, [20] [21] [22] . Analysis of the sorption characteristics of amaranth starch was conducted by [23] . Sorption isotherms and other physicochemical properties of nixtamalized amaranth flour were studied by [24] .
The aim of this study was then to measure and model the water adsorption isotherms of amaranth flour at three temperatures, 15˚C, 25˚C and 35˚C. For the modeling, five mathematical equations were chosen from the literature for describing the experimental sorption behavior.
Materials and Methods
Sample Material
Amaranth flour was supplied by Andes Trópico, a food company in Cochabamba, Bolivia. The flour was further milled and homogenized in a laboratory knife mill (Retsch-GM200, Haan, Germany). Its water content was measured using an infrared moisture analyzer (Sartorius, MA30, Göttingen, Germany). The flour sample was then stored at room temperature in a polyethylene bag until the experiments were conducted.
Experimental Procedure
Adsorption isotherms of amaranth flour were measured using an alternative method to the classical approach [25] , with the modifications described below.
To set up a moisture saturated environment, a glass desiccator filled with approximately 200 mL of distilled water was used. Temperature was controlled by a constant climate chamber (Memmert-HPP 108, Schwabach, Germany). The desiccator was introduced in the climate chamber at a preset temperature and allowed for 24 hours to equilibrate before each experiment.
Water activities were measured in a temperature controlled a w meter (Decagon-Aqualab 3TE, Washington, USA). Approximately 1.5 g of flour sample was placed in a disposable cup of the a w meter and then weighed exactly on an analytical balance (±0.001 g). The flour sample was further dehydrated in a drying oven (Binder-FD 53, Tuttlingen, Germany) at 45˚C for two hours. An initial water activity value was then measured in the a w meter previously preset at the temperature of the experiment. Immediately, the sample cup was weighed on the analytical balance to determine the corresponding initial water content by difference in weight.
The sample cup was introduced into the desiccator and allowed to adsorb water from the moisture saturated environment. After a short time, the sample was removed from the desiccator, transferred to the a w meter to measure its water activity and then weighed on the balance. Next, the sample was returned to the desiccator to continue adsorbing moisture, and the procedure was repeated until an a w value around 0.9 was obtained. At the beginning, the sample was allowed between 10 and 30 minutes to adsorb moisture, and the intervals increased from 60 to 120 minutes for the last measurements. The methodology was repeated for 15˚C, 25˚C and 35˚C.
Mathematical Modeling
Experimental adsorption equilibrium data of amaranth flour were modeled using the equations of GAB (Guggenheim, Anderson and De Boer), Henderson, Oswin, Chung-Pfost, and Peleg, which are listed in Table 1 .
Statistical Analysis
The goodness of the fit for each proposed model was evaluated through three standards commonly used in the statistical analysis of nonlinear models: the coefficient of determination (R 2 ), the variance due to error (S 2 ) and the confidence interval of a parameter (CI).
The coefficient R 2 is frequently used to judge whether the model correctly represents the data, implying that if the correlation coefficient is close to one the model is suitable. This parameter is defined as: 
where y i,obs is the observed experimental datum at x i , y i,calc is the estimated datum at x i , and y is the mean of the Table 1 . Mathematical models used to analyze adsorption equilibrium data of amaranth flour.
Isotherm model Mathematical expression
Oswin equation ( 
The CI measures the uncertainty in a parameter value. A narrow CI indicates that the parameter is significant in the model and thus the model is suitable for describing the experimental data.
Results and Discussion
Model parameters for each equation were estimated by nonlinear regression using the POLYMATH 6.1 software package. For the computations, we selected the Levenberg-Marquardt method [26, 27] . Results were reported through R 2 , S 2 and 95% CI. Table 2 lists the parameter values and associated statistics for each model, which describe the adsorption experimental data of amaranth flour at 15˚C, 25˚C and 35˚C. All models are considered to be valid because they present high values of coefficients of determination (R 2 > 0.97) and small values of variances (S 2 < 1.2E−4). The results show that the Oswin, Henderson and Chung-Fost parameters do not vary significantly with temperature, whereas the Peleg and GAB equations show a temperature dependence of the amaranth flour isotherms.
Experimental data are plotted in Figure 1 and adsorption isotherms modeled by the GAB equation are show in Figure 2 , which highlights the temperature dependence in the range of a w from 0.2 to 0.7. Below and above this a w range, the isotherms cross over each other; a similar behavior was observed in a study by [28] .
Monolayer water content values, X m , follow a usual trend with temperature as observed for most biopolymers; they decrease with temperature increasing [29] . In our study, we found X m values from 0.072 to 0.064 between 15˚C and 35˚C.
Reference [23] modeled the equilibrium sorptional data but for amaranth starch at 25˚C, 35˚C and 50˚C. The GAB parameters they obtained at 25˚C are comparable to the parameters we found in this study, considering that amaranth flour is mainly composed of starch. Parameter values obtained by [4] but for amaranth grains reflect also a temperature dependence of the GAB equation.
Considering that microbiological stability could be ensured at a w < 0.6 [30] , water content in amaranth flour should not be higher than 13 g of water per 100 g of dry material in the temperature range from 15˚C to 35˚C.
Conclusions
In this paper, moisture adsorption of amaranth flour has been measured at 15˚C, 25˚C and 35˚C, using an alternative experimental method. The experimental adsorption isotherms exhibited a sigmoidal trend and were satisfactorily fitted to well-known models. The GAB equation adjusted the data quite well and is recommended, due to its physical meaning, to describe the adsorption behavior of amaranth flour.
Results showed a weak dependence of a w with temperature in the range from 15˚C to 35˚C. This indicates that amaranth flour can be safely stored at different temperatures within this range. To be stable over time, the water content in amaranth flour should not be higher than 13 g of water per 100 g of dry material and needs to be kept under a surrounding environment with less than 60% relative humidity. Appropriate packing for the flour needs to be considered in environments with higher humidity than this limit.
The alternative experimental method for measuring adsorption isotherms we used has advantages over the traditional method. The time spent for obtaining experimental sorption equilibrium data is significantly reduced, it is not necessary to use expensive salts and more data points can be obtained. The method we introduced has proven to be competent with the traditional method proposed by the COST 90 project, providing reliable experimental data consistent with the theory developed in the field of water adsorption by natural biopolymers. of the Swedish International Development Agency (Sida).
